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A Visual Pigment Expressed in Both
Rod and Cone Photoreceptors
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the red rod and green rod, originally named for theirFerenc I. Harosi,6 Clint L. Makino,3
characteristic colors when viewed through a micro-and Rosalie K. Crouch1
scope with white light (Boll, 1877). In salamander, the1 Department of Ophthalmology
green rod has a max that is similar to that of the blue-2 Department of Pathology
sensitive cone (Harosi, 1975; Perry and McNaughton,Medical University of South Carolina
1991; Makino et al., 1999). A putative blue-sensitive coneCharleston, South Carolina 29425
opsin has been cloned (Xu et al., 1998), but attempts to3 Department of Ophthalmology
clone a separate opsin for the green rod have not metHarvard Medical School and
with success. This raises the question whether the twoMassachusetts Eye and Ear Infirmary
cell types might utilize the same opsin. There is no prec-Boston, Massachusetts 02114
edent for the sharing of an opsin by a rod and a cone.4 Department of Biochemistry and
Although there are avian, amphibian, and reptilian conesVolen Center for Complex Systems
whose absorbances are indistinguishable from that ofBrandeis University
the red rods present in the same retina (Liebman, 1972;Waltham, Massachusetts 02454
Fager and Fager, 1984; Govardovskii et al., 1987; Sillman5 Department of Physiology
et al., 1991; Bowmaker et al., 1997), chemical and ge-Boston University School of Medicine
netic analyses have thus far shown that the pigmentsBoston, Massachusetts 02118
in these rod/cone pairs are composed of different opsins6 Laboratory of Sensory Physiology
(Wang et al., 1992; Okano et al., 1992; Heath et al., 1997;Marine Biology Laboratory
Kawamura et al., 1999). Hence, even when rods andWoods Hole, Massachusetts 02543
cones have similar spectral requirements, other con-
straints may preclude usage of the same pigment. In
order to gain some insight into the basis for the func-Summary
tional differences between rods and cones, we set out
to identify the pigment and other phototransductionRods and cones contain closely related but distinct G
constituents in the green rods and blue-sensitive conesprotein-coupled receptors, opsins, which have di-
of salamander. We report here that these two types ofverged to meet the differing requirements of night and
photoreceptors contain the same visual pigment butday vision. Here, we provide evidence for an exception
utilize different transducins. Interestingly, both cell typesto that rule. Results from immunohistochemistry, spec-
have similar photoresponse kinetics and photon sensi-trophotometry, and single-cell RT-PCR demonstrate
tivity, suggesting that the kinetics and photon sensitivitythat, in the tiger salamander, the green rods and blue-
are unlikely to be determined by either cellular topologysensitive cones contain the same opsin. In contrast,
or transducin type.the two cells express distinct G protein transducin sub-
units: rod transducin in green rods and cone  trans-
Results
ducin in blue-sensitive cones. The different transduc-
ins do not appear to markedly affect photon sensitivity
Immunolocalization of Blue-Sensitive Cone Opsin
or response kinetics in the green rod and blue-sensi- in Both Rods and Cones
tive cone. This suggests that neither the cell topology Four opsins have been cloned from salamander: the red
or the transducin is sufficient to differentiate the rod rod, and red-, blue-, and UV-sensitive cone opsins (Chen
and the cone response. et al., 1996; Ma et al., 2001; Xu et al., 1998). Several
strategies, including degenerate RT-PCR and sub-
Introduction tractive library screening, were applied to the cloning
of the green rod opsin, but a fifth salamander opsin has
The retinas of nearly all vertebrates have two types of not been found. To explore the possibility that green
photoreceptors: rods and cones. Rods are extremely rods might utilize the same visual pigment as the blue-
sensitive and mediate dim light vision, while cones sub- sensitive cone, we determined the cell types expressing
serve vision at greater intensities with higher temporal the blue-sensitive cone opsin immunohistochemically.
resolution and provide information for color vision. Al- A polyclonal antibody, Blue-N, was raised against the
though the visual transduction process is thought to N terminus of the salamander blue-sensitive cone opsin.
be similar in rods and cones, different visual pigments, In tests with recombinant salamander opsins, Blue-N
transducins, phosphodiesterases, arrestins, and cGMP- proved to be specific for the blue-sensitive cone opsin
gated channels are involved (Nathans et al., 1986; Lerea (Figure 1A). Similarly, a monoclonal antibody raised
against bovine red rod opsin, 4D2 (Hicks and Molday,
1986), recognized salamander red rod opsin only.7Correspondence: majx@musc.edu
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Figure 1. Detection of the Blue-Sensitive
Cone Opsin in Green Rods and Blue-Sensi-
tive Cones
(A) Specificities of the Blue-N and 4D2 anti-
bodies tested by Western blot analysis of re-
combinant salamander UV- (lane 1) and blue-
sensitive cone opsins (lane 2), red rod opsin
(lane 3), and red-sensitive cone opsin (lane 4).
Each of the recombinant pigments contained
the 1D4 epitope (see Experimental Proce-
dures), so the 1D4 antibody was included as a
control for positive opsin expression. Blue-N
only labeled the blue-sensitive cone opsin,
while 4D2 only labeled the red rod opsin. (B)
FITC-conjugated Blue-N labeled green rods
(white arrows) and blue-sensitive cones (yel-
low arrowheads) in flat-mounted retinas. (C
and D) Double labeling with FITC-conjugated
Blue-N and 4D2 antibodies followed by Tex-
as red-conjugated goat-anti-mouse IgG. (E)
Phase contrast and fluorescent images of
(left to right) an isolated blue-sensitive cone,
green rod, and red rod. Scale bar  10 m
in (B), (D), and (E); scale bar  100 m in (C).
In salamander retinas, Blue-N labeled a subset of Spectral Properties of Green Rods
and Blue-Sensitive Conescones and a minor species of rods, presumed to be the
The pigment absorbances of single green rods and blue-blue-sensitive cones and the green rods, respectively
sensitive cones were analyzed by suction electrode re-(Figure 1B). To compare the size and density of green
cording and by microspectrophotometry (MSP). In therods with those of red rods, retinas were doubly labeled
latter approach, cells from two batches of salamanderswith Blue-N and 4D2 (Figures 1C and 1D). Positively
were studied independently, using two different instru-stained cells (n  3982) were counted in five randomly
ments (see Experimental Procedures). Results from bothselected retinal fields from retinas of three animals. Red
sets of experiments indicated that the spectra of greenrods comprised 92.6%  1.2% (mean  SEM) of all the
rods and blue-sensitive cones were nearly identical (Fig-labeled cells. Blue-N-positive cells comprised 7.4% of
ure 2A). The specific absorbance, which measures theall labeled cells, of which 5.8%  1.4% were identified
packing density of the pigment in the membrane, wasby morphology as blue-sensitive cones and 1.6% 
0.017 0.003m1 (n 8) for green rods. A few determi-0.1% as green rods. In these and additional prepara-
nations were made in blue-sensitive cones, but the valuetions, green rods were smaller than red rods (Figure 1D).
appeared to be similar, 0.012  0.001 m1 (n  2).
The average diameter of the green rod outer segments
While MSP has very good spectral resolution near
was 6.9  1.6 m (n  141) while that of the red rod the max, electrophysiological determinations of spectralwas 12.2 2.1 m (n 256). Blue-sensitive cones were sensitivity allow sensitive comparison along the long-
even smaller; the average outer segment diameter mea- wavelength limb of the absorbance spectrum over sev-
sured at the junction between outer and inner segment eral decades. Green rods and blue-sensitive cones
was 3.3 0.8 m (n 15) (Figure 1E). These population yielded closely matched spectral sensitivities at all
and size characteristics are in general agreement with wavelengths tested (Figure 2B). Our physiological and
previous reports (Harosi, 1975; Mariani, 1986; Perry and MSP results are consistent with those reported earlier
McNaughton, 1991; Sherry et al., 1998). Green rods were (Harosi, 1975; Perry and McNaughton, 1991; Makino and
not distributed in a regular array, but they were not Dodd, 1996).
found adjacent to one another or to blue-sensitive cones A variable mixture of 11-cis 3-dehydroretinal (A2) and
either, suggesting that their placement in the retina was of 11-cis retinal (A1) chromophores is present in sala-
mander photoreceptors (Makino and Dodd, 1996). Fornot entirely random (Figure 1C).
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Figure 2. Green Rod and Blue-Sensitive Cone Spectra
(A) Averaged absorbance spectra of four green rods (black line) and four blue-sensitive cones (gray line) obtained from MSP. Peak absorbance
for the green rods was 0.046, while that for the blue-sensitive cones was 0.026. The wavelength maxima obtained from single-cell spectra
were 429  0.5 nm (n  4) and 430  1 nm (n  4) for green rods and blue-sensitive cones, respectively.
(B) Averaged spectral sensitivities of 13 green rods (open symbols) and 4 blue-sensitive cones (filled symbols); error bars show standard
deviations. Maxima from template fittings (Govardovskii et al., 2000) were 429 and 430 nm for green rods (data not shown) and blue-sensitive
cones (gray line), respectively.
(C) Bleaching difference spectra obtained after replacement of the native chromophore in one green rod (black line) and two blue-sensitive
cones (gray line) with exogenous 11-cis retinal. (Inset) Absorbance spectra of five green rods (black line) and four blue-sensitive cones (gray
line) after bleaching and subsequent 11-cis retinal regeneration.
(D) Spectral sensitivities of two green rods before (open symbols) and after chromophore replacement with 9-cis retinal (gray symbols). The
spectral sensitivity of blue-sensitive cones with 9-cis retinal (gray line) (Makino et al., 1999) is superimposed for comparison. The black line
is the template fit of the green rods containing native chromophore.
a given opsin, the A2 pigment absorbs at longer wave- Retinal accumulation has little effect on the determi-
lengths than the A1 pigment (Dartnall and Lythgoe, 1965). nation of spectral sensitivity, so chromophore replace-
Therefore, green rods and blue-sensitive cones could ments were repeated in physiological experiments. An
contain different opsins yet exhibit similar spectra be- artificial chromophore, 9-cis retinal, was used because
cause of fortuitous proportions of A1 and A2 chromo- it produces a substantial blue shift in the spectral sensi-
phores in the cells studied. This possibility was ruled tivity that allows the extent of residual native pigment
out by experiments in which the chromophore content to be evaluated (Makino et al., 1999). 9-cis Retinal pro-
was brought to homogeneity. Blue-sensitive cones and duced the same blue-shifted spectral sensitivity in green
green rods were exposed to bright light, which caused rods and in blue-sensitive cones (Figure 2D). Thus, the
the chromophore to isomerize and dissociate from op- visual pigments of green rods and blue-sensitive cones
sin. In MSP experiments, cells were then treated with are spectrally identical.
exogenous 11-cis retinal to regenerate the pigment, and
the cell’s spectrum was measured. Absorbance at short
Blue-Sensitive Cone Opsin Expression in Greenwavelengths was substantial due to the accumulation
Rods and Blue-Sensitive Conesof photoproducts and excess chromophore; so to iso-
As a further test that green rods and blue-sensitivelate the pigment’s absorbance, the cell was bleached a
cones contain the same opsin, isolated cells were identi-second time, and the difference spectrum taken. The
fied physiologically or by MSP and then used as tem-difference spectra of the two cell types were in close
correspondence (Figure 2C). plates for single-cell RT-PCR. Using blue-sensitive cone
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Figure 3. RT-PCR and Southern Blot Analysis of the Opsin from
Isolated Cells
(A) RT-PCR products: lane 1, 100 bp ladder; lanes 2 and 3, green
rods; lanes 4 and 5, red rods; lanes 6 and 7, blue-sensitive cones.
(B) Southern blot analysis of the PCR products with a nested oligo-
nucleotide probe specific for SWS2,P432.
(C) Southern blots of GAPDH PCR products from the same cells as
in (B).
opsin-specific primers, RT-PCR amplified a single band
with the expected length of 380 bp from both green rods
and blue-sensitive cones but not from red rods (Figure
3). The PCR products from the green rods and the blue-
sensitive cones were sequenced and found to be identi-
cal to each other and to the corresponding segment of
the cloned blue-sensitive cone opsin (Xu et al., 1998).
We conclude that the same opsin is present in both
green rods and blue-sensitive cones. Hereafter we will
refer to the pigment formed by this opsin as “SWS2,
P432,” following the nomenclature recommended by
Ebrey and Koutalos (2001).
Physical and Chemical Properties
of Recombinant SWS2,P432 Figure 4. Spectral and Chemical Properties of the Recombinant
SWS2,P432SWS2,P432 was expressed in COS cells, combined with
(A) Absorbance spectra of the A1 (light gray) and A2 (dark gray)exogenous chromophores, and the pigment purified on
SWS2,P432. Template fits (Govardovskii et al., 2000) yielded maximaan immunoaffinity column. The use of recombinant pig-
at 432 nm and at 440 nm for A1 (continuous line) and A2 pigmentsment circumvented any complications that might arise
(dashed line), respectively; respective baselines from the fits are
from chromophore heterogeneity. The absorbance spec- shown. Decay of the red rod pigment (B) and SWS2,P432 (C) in
tra had maxima at 432 and 440 nm with A1 and A2 chro- 50 mM hydroxylamine (pH 7). An initial spectrum was taken, then
mophores, respectively (Figure 4A), values similar to hydroxylamine was added, and additional spectra were recorded
at intervals. For red rod pigment, the intervals were 1, 28, 71, 128,those reported in a microspectrophotometric investiga-
185, 242, 299, 449, and 569 min, while for SWS2,P432, they weretion of the green rods of Rana pipiens (Liebman and
1, 4, 7, 10, 13, 16, 22, 28, 34, 58, and 90 min. The reactions wereEntine, 1968). The A1 value corresponded to the spectral carried out at 4C.
maxima of the isolated salamander blue-sensitive cones
and green rods, suggesting that they had a high A1 con-
tent (Figures 2A and 2B). of recombinant salamander pigments by recording their
absorbance spectra as a function of time after exposureIn cone pigments, the retinal chromophore is suscep-
tible to chemical attack by hydroxylamine (Wald et al., to 50 mM hydroxylamine. Red rod pigment reacted
slowly, with a time constant that exceeded 24 hr (Figure1955). Most red rod pigments are resistant, presumably
because their protein structures seclude and protect the 4B). In contrast, hydroxylamine destroyed red-sensitive
cone pigment over two orders of magnitude more rap-Schiff base linkage from attack by water (Abrahamson
et al., 1974). Frog green rod pigment, however, is an idly, with a time constant of about 10 min (data not
shown). This reaction was even faster than reported forexception (Reuter, 1966). We determined the reactivities
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Figure 5. Colocalization of SWS2,P432 with
Rod and Cone  Transducins
Flat-mounted retinas were doubly labeled
with Blue-N (green) and either TA1 (anti-rod
Gt) (A–C) or TA2 (anti-cone Gt) (D–F) (red).
Blue-N labeled blue-sensitive cones (yellow
arrowheads) and green rods (white arrows)
(A and D). TA1 labeled all of the rods (B), while
TA2 appeared to label all of the cones (E). In
the composite images, SWS2,P432 and rod
 transducin colocalized in the green rods
(C), while SWS2,P432 and cone  transducin
colocalized in blue-sensitive cones (F). Scale
bar  10 M.
chicken red-sensitive cone pigment in digitonin at room sponses of green rods and blue-sensitive cones had
similar kinetics, but green rods had higher flash sensitiv-temperature (Wald et al., 1955). SWS2,P432 was cone-
like in its reactivity to hydroxylamine, disappearing with ity (Figures 6A and 6B; Table 1). Most of the disparity
in flash sensitivity can be attributed to a difference ina time constant of about 10 min (Figure 4C).
quantal catch; the larger green rod outer segments
housed many more pigment molecules. After normaliz-Identification of Transducin Type in Green Rods
and Blue-Sensitive Cones ing for photon capture, the sensitivity values for the two
cell types converged somewhat, but the variation wasMammalian rods and cones are known to contain differ-
ent transducins (Lerea et al., 1986). Rod transducin con- quite large (i0.5Ac; Table 1). To eliminate the contribution
sists of 1, 1, and 	1 subunits, while cone transducin of animal to animal differences, comparisons were re-
consists of 2, 3, and 	c subunits (Lerea et al., 1986, stricted to cells from the same animal. Surprisingly, the
1989; Fung et al., 1992; Lee et al., 1992; Peng et al., blue-sensitive cones were several-fold more sensitive
1992; Ong et al., 1995). Salamander transducin  sub- than green rods in four out of four animals.
units were cloned previously, Gt1 from rods and Gt2 Some decrease in sensitivity of green rods could arise
from cones, and specific antibodies were generated from their greater outer segment volume (Pugh and
(Ryan et al., 2000). To determine which transducin was Lamb, 1993) as well as from a lower rate of transducin
coupled to SWS2,P432, retinas were probed with combi- activation. However, another possibility is that increased
nations of Blue-N and each of the two anti-transducin noise in the phototransduction apparatus of green rods
antibodies (Figure 5). Green rods contained Gt1 but caused them to be more desensitized than blue-sensi-
not Gt2. This finding is consistent with an earlier immu- tive cones. Rod transducin contributes minimally to the
nolocalization of the rod transducin subunits 1 and 	1 noise, but spontaneous activations of the pigment and
in frog and toad green rods (Peng et al., 1992). In con- phosphodiesterase could be significant (Rieke and Bay-
trast, blue-sensitive cones contained Gt2 but not Gt1. lor, 1996). Even though the green rods and blue-sensitive
SWS2,P432 was therefore coupled to both types of cones contain the same pigment, the rate of spontane-
transducin: rod transducin in green rods and cone trans- ous activations per cell will be an order of magnitude
ducin in blue-sensitive cones. greater in green rods because their large outer segments
contain ten times as many molecules. Indeed, after tak-
ing photon capture into account, green rod photon sen-Phototransduction in Green Rods
and Blue-Sensitive Cones sitivity decreased with the outer segment radius squared
(Figure 6C). The stimulus-response relation was steeperThe impact of transducin type was investigated by re-
cording photoresponses from single cells. Flash re- for green rods (Figure 6B), as judged by the higher ratio
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Figure 6. Photoresponses of Green Rods and Blue-Sensitive Cones
(A) Averaged responses of a green rod (left) and a blue-sensitive cone (right) to flashes at 440 nm. Output from the stimulus monitor is shown
by the lowermost traces.
(B) Stimulus-response relations of the cells in (A). Results were fitted with equation 2, where i0.5  17 photons m2 for the green rod and 473
photons m2 for the blue-sensitive cone. i0.3/i0.7 was 0.23 for the green rod and 0.15 for the blue-sensitive cone, indicating that the relation
rose more steeply for the green rod.
(C) Decrease in green rod sensitivity with the outer segment radius squared. Sensitivity was plotted on the ordinate as the multiplicative
inverse of the product of i0.5 and collecting area. For tapered cells, the mean radius squared was used. Regression analysis indicated a negative
trend (p 
 0.0003, by comparison of the Pearson’s correlation coefficient with a t distribution), where the slope of the line was 6.4e-4
photoisomerizations1 m2, and the intercept was 1.4e-2 photoisomerizations1.
(D) Averaged responses from a green rod (left) and a blue-sensitive cone (right) to steps of light at 440 nm. These cells differ from those
in (A).
(E) Intensity-response relations of the blue-sensitive cone (filled symbols) and the green rod (open symbols) in (D) for the peak amplitudes
(circles) and the amplitudes after 10 s of light exposure (triangles). Half-maximal responses were obtained with light producing 1900 (peak
amplitude) and 17,833 photoisomerizations s1 (amplitude at 10 s) for the blue-sensitive cone and 1525 and 4457 photoisomerizations s1 for
the green rod. The continuous line shows the fit of open circles to equation 2, substituting step intensity for flash strength.
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Table 1. Photoresponse Parameters of Single Cells
Green Rod Blue-Sensitive Cone p
Outer segment volume, m3 809  78 (23) 65  5 (13) 3e-9
Sensitivity to flashes at 440 nm
i0.5, photons m2 78  30 (27) 416  60 (14) 7e-4
i0.3/i0.7 0.25  0.01 (27) 0.16  0.02 (14) 2e-4
i0.5Ac, photoisomerizations 1,319  787 (23) 325  49 (13) ns
Dim flash response kinetics
Time to peak, ms 292  16 (26) 276  17 (12) ns
Integration time, ms 642  44 (26) 750  80 (12) ns
Peak sensitivity to 440 nm steps of light
I0.5Ac, photoisomerizations s1 5,667  4,182 (13) 1,929  522 (7) ns
Sensitivity at 10 s after light onset
I0.5Ac, photoisomerizations s1 23,566  18,613 (13) 11,340  2,360 (7) ns
I0.5/I0.5 3.0  0.3 (13) 6.9  1.8 (7) 4e-2
Mean  SEM (n). ix, the flash strength at max that elicited the fractional response r/rmax  x, was taken from the fit with equation 2. Ac is the
effective collecting area, which was estimated from equation 4. Dim flash responses refer to responses with amplitudes less than 0.15 of
the maximum. Kinetics of responses in this regime match those of the single photon response. Integration time was given by the area under
the response divided by the response amplitude. I0.5 is the step intensity that produced a half-maximal response. The p values were obtained
from t test comparisons without the assumption of homoscedasticity. Two blue-sensitive cones were unusually insensitive and had atypical
response kinetics in that they more closely resembled those of UV-sensitive cones. These two cells were excluded from the analysis. Values
for six green rods obtained from two terrestrial salamanders were included. ns, not significant.
of the flash strengths giving 0.3 and 0.7 rmax (i0.3/i0.7; Table (Xu et al., 1998) and, along with the bullfrog green rod
opsin, clusters with other cone opsins in the SWS2 group1). There was also a suggestion that integration time
of the visual pigment phylogenetic tree (Okano et al.,decreased with outer segment radius squared (p
 0.05,
1992). A single residue, Glu122, has been shown to servedata not shown). Green rods had a higher step sensitivity
as a determinant of rod pigment phenotypes (Imai et(p 
 0.008) (Figures 6D and 6E), but the difference was
al., 1997). In SWS2,P432, Glu122 is replaced by a Met,no longer significant after normalization for photon cap-
as is the case for all other cone opsins in the SWS2ture (I0.5Ac; Table 1). Upon continued exposure to light,
group. Nearly all red rod rhodopsins contain a pair ofthe responses partially recovered, and this partial recov-
adjacent Cys residues in the C terminus that serves asery was considerably larger in blue-sensitive cones than
palmitoylation sites. Cone opsins typically lack one orin green rods. Consequently, after 10 s of light exposure,
both of these Cys residues; SWS2,P432 contains onethe intensity-response relation for the blue-sensitive
(Xu et al., 1998). Despite these sequence features andcone rose much more gradually. The ratio of the half-
biochemical properties of a cone pigment, SWS2,P432saturating intensity for the response peak to that after
activates both rod transducin in green rods and cone10 s of exposure was 6.9  1.8 (n 7) for blue-sensitive
transducin in blue-sensitive cones. Our results do notcones, while, for green rods, it was only 3.0 0.3 (n 13,
imply that the rod and cone transducins possess thep 
 0.04). The restricted capacity to adapt, the steeper
same biochemical properties. Furthermore, it remainsstimulus-response relations for steps and for flashes,
to be determined whether transducin type alters theand the decreased sensitivity of green rods were all
photon response of a photoreceptor containing a differ-consistent with their maintaining a higher basal phos-
ent visual pigment.phodiesterase activity (Nikonov et al., 2000). Increased
The physiological properties of salamander blue-sen-transduction noise does not, however, explain the
sitive cones fell intermediate between those of red rodsslower time course of the droop in the step responses
and red-sensitive cones. Blue-sensitive cones wereof green rods (Figure 6D).
about ten times more sensitive than red- and UV-sensi-
tive cones but were ten times less sensitive than red
Discussion rods at their respective maxima (Perry and McNaughton,
1991; Makino and Dodd, 1996). Flash response kinetics
A convergence of evidence indicates that the blue-sen- of blue-sensitive cones were faster than those of red
sitive cone and the green rod in salamander utilize the rods but were slower than those of red- and UV-sensitive
same visual pigment. First, recognition of a 14 amino cones. Differences in photon sensitivity and response
acid, N-terminal epitope of the pigment is shared by kinetics between blue- and red-sensitive cones may be
green rods and blue-sensitive cones. Second, 380 base related to the thermal stability of their pigments (Rieke
pairs of the mRNAs encoding the pigments are also and Baylor, 2000). The red-sensitive cone pigment acti-
identical. Third, cell spectra, which reflect the opsin- vates spontaneously at a rate that is at least 102 times
chromophore interactions and are very sensitive to the greater than that of the blue-sensitive cone pigment.
opsin’s tertiary structure, are the same in both cell The high rate of spontaneous activation produces a high
types. baseline activity of the phototransduction machinery
The pigment of green rods and blue-sensitive cones, that accelerates the recovery of the flash response and
SWS2,P432, is decidedly cone-like. It is highly suscepti- reduces sensitivity (Nikonov et al., 2000).
ble to degradation by hydroxylamine. Its opsin bears Where does the green rod fit in? Despite their charac-
teristic rod morphology (Nilsson, 1964; Mariani, 1986),only a 53.8% amino acid identity to the red rod rhodopsin
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incubated in the mixture of two detection solutions provided by thegreen rods behave like blue-sensitive cones with a
ECL kit for 1 min. After excess detection solution was drained, thegreatly increased pigment content. They extend the in-
membrane was covered with SaranWrap and exposed to Kodaktensity range of short-wavelength sensitivity mediated
X-Omat film.
by the blue-sensitive cones by nearly an order of magni- The antibodies specific for salamander Gt1 (TA1) and Gt2 (TA2)
tude. Green rods could therefore assume the role of were described in a previous study (Ryan et al., 2000). The 4D2
antibody specific for red rod pigments was a generous gift fromblue-sensitive cones in trichromatic color vision in an
Robert Molday. 1D4 antibody, specific for the C terminus of bovineenvironment in which short-wavelength light is selec-
rhodopsin was obtained from the Cell Culture Center (Minneapo-tively attenuated. Since the photon sensitivity of green
lis, MN).rods in toad (Matthews, 1983), Xenopus (Witkovsky et
al., 1981), and salamander approaches that of red rods,
Immunohistochemistrythe green rods could potentially provide for limited hue
A lens-attached retina was dissected from salamanders (17–23 cm
discrimination at scotopic levels as well (Muntz, 1962, in length) and transferred to PBS. Several different fixatives were
1963). tested; the best results were obtained upon fixation of the retina with
4% paraformaldehyde in PBS for 1 hr. Tissues were then washed fiveAlthough it has been proposed that rod pigment
times with PBS (pH 7.4) at room temperature and blocked with 1%evolved from green-sensitive cone pigment and that
horse serum in PBS for 45 min. Blue-N was diluted in PBS to a finalrods evolved from green-sensitive cones (Kojima et al.,
concentration of 1:200 and 4D2 diluted to 1:100. The retina was1992; Okano et al., 1992), the presence of a “cone”
incubated with the antibodies for 1 hr at room temperature. After
pigment in salamander green rods suggests that this three washes with PBS, the retina was incubated with an FITC-
cell might represent an intermediary in the evolutionary conjugated goat-anti-rabbit antibody and Texas red-conjugated
goat-anti-mouse antibody (Jackson Immuno Research Labora-transformation of cones into rods. Since the green rod
tories, Inc., West Grove, PA) at 1:200 dilution for 1 hr. Finally, thecontains the rod transducin, this scheme further sug-
retina was washed three times in PBS and flattened on a slide. Onegests that transducin divergence preceded that of the
drop of Prolong antifade solution (Molecular Probes, Eugene, OR)pigment. Further study of the salamander green rod and
was added followed by a coverslip.
blue-sensitive cone may yield insights into photorecep- Double-labeling experiments with Blue-N and anti-Gt antibodies,
tor evolution as well as help to define the differences in TA1 (for rod Gt) or TA2 (for cone Gt), followed a protocol described
earlier (Ryan et al., 2000). As all three antibodies were from rabbit,rod and cone phototransduction pathways.
we conjugated Blue-N antibody to FITC (FluoroTag FITC conjugation
kit, Sigma, St. Louis, MO) and biotinylated the TA1 and TA2 antibod-Experimental Procedures
ies (immunoprobe biotinylation kit, Sigma). Both primary antibodies
(1:100) were added simultaneously, followed by the secondaryAnimals
Texas red-conjugated mouse-anti-biotin antibody (1:200).Care, use, and treatment of all animals in this study were in strict
Samples were analyzed using an Axioplan research microscopeagreement with the Association for Research in Vision and Ophthal-
(Carl Zeiss Inc., Jena, Germany) equipped with a 100 W mercurymology (ARVO) Statement for the Use of Animals in Ophthalmic and
light source, a 100 plan-neofluar N.A. 1.3 and 20 objectives, andVision Research and the guidelines set forth in the Care and Use
a Dage CCD100 integrating camera (Dage-MTI, Michigan City, IN).of Laboratory Animals by the Medical University of South Carolina.
Images were captured with a Flashpoint 128 capture board (IntegralLarval tiger salamanders (Ambystoma tigrinum, Charles D. Sullivan,
Technologies, Indianapolis, IN) and a Dual Pentium Pro 200 ImagingInc., Nashville, TN) were maintained on a 12 hr light/12 hr dark cycle
workstation (Dell Computers, Round Rock, TX) and processed usingat 8C–10C or on a 14 hr light/10 hr dark cycle at 16C–20C. RT-
Image Pro Plus software (Media Cybernetics, Baltimore, MD).PCR and physiological experiments were also carried out on seven
cells from two terrestrial salamanders, obtained from the same sup-
plier. Single-Cell Recording
Salamanders were dark adapted overnight, decapitated, and the
retinal tissue prepared for recording under infrared illumination (Ma-Antibodies
A polyclonal antibody, Blue-N, was raised against a peptide con- kino et al., 1999). A piece of retina was mechanically dissociated,
placed in the recording chamber, and perfused continuously withsisting of the first 14 amino acids from the N terminus of the blue-
sensitive cone opsin: MYKGKQEMMAELSD. This region is highly Ringer’s at 26C–27C. Ringer’s consisted of (mM) NaCl, 108; KCl,
2.5; MgCl2, 1.0; HEPES, 10; CaCl2, 1.5; and EDTA, 0.02 (pH 7.6). Thedivergent among the four salamander opsins (Chen et al., 1996; Ma
et al., 2001; Xu et al., 1998). The peptide was synthesized by the inner segment of a single rod or cone was pulled into a suction
electrode and the photocurrents recorded with a current-to-voltageProtein Sequencing and Peptide Synthesis Facility at the Medical
University of South Carolina, using FastMoc chemistry on a PE converter (Axopatch 200A, Axon Instruments, Foster City, CA). For
some green rods, photocurrents were recorded from the outer seg-Biosystems 432 Peptide Synthesizer. The peptide (0.3 mg) conju-
gated to Keyhole Limpet Hemacyanin protein was emulsified in ment. Signals were low-pass filtered with an 8-pole Bessel (30 Hz,
3 dB), but no corrections were made for the delay introduced byComplete Freund’s Adjuvant (GIBCO-BRL, Gaithersburg, MD) and
injected into rabbits subcutaneously. Rabbits were boosted intra- filtering. Cells were stimulated with light from a 75 W xenon arc
lamp that passed through a six-cavity interference filter (10 nmmuscularly with 0.3 mg of the same emulsion in 3 week intervals.
After significant immune responses developed, the rabbits were bandwidth at half-maximal transmission, Omega Optical, Brat-
tleboro, VT). Stimulus duration was controlled with electronic shut-euthanized, and the whole serum was collected. The antibody was
purified by passing the serum through a column of the epitope ters. Cells were identified initially by the relative amplitudes of their
responses to flashes at 377 nm, 440 nm, and 620 nm. The spectralpeptide coupled to AminoLink beads (Pierce, Rockford, IL), ac-
cording to a protocol recommended by the manufacturer. sensitivity of some cells was characterized further by determining
the wavelength dependence of flash sensitivity. Since a full spectralThe specificity of Blue-N was tested against recombinant sala-
mander opsins (Figure 1). Western analysis was performed using sensitivity was not determined for every cell, collected results were
fitted with templates. Nevertheless, averaged results are shown inthe Enhanced Chemiluminescence (ECL) Western blotting kit (Amer-
sham International plc, Piscataway, NJ) following the manufacturer’s the figures, for clarity. In analog replacement experiments, the cell
was treated with a 50 l suspension of 9-cis retinal in liposomesprotocol. Protein was resolved with SDS-PAGE and electrotrans-
ferred onto a Hybond-ECL nitrocellulose membrane. The membrane (Jones et al., 1989). Phosphatidylcholine (50 l) in chloroform was
dried under N2, 500 l Ringer’s solution was added, and the suspen-was blotted with 1D4 (12 g ml1), 4D2 (1:1000) or Blue-N (1:1000)
for 1 hr, washed, and incubated with a secondary antibody conju- sion sonicated on ice. 9-cis Retinal in methanol (100 l of 10 mM
stock) was dried under N2 and mixed with 100 l of the lipid vesiclegated to horseradish peroxidase (1:2000). Next, the membrane was
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suspension. Analog (50 l) was injected into the chamber and the first-round PCR mixture (25 l) included 4 l of the RT products, 10
pmoles of each primer (forward primer: 5-GGTTTCACTGCCACATTperfusion arrested temporarily. One cell’s outer segment was subse-
quently perfused with an additional 50l of the analog and a spectral GGGAG-3; reverse primer: 5-GCCTGCCACCATGAAGATCACC-3),
2.5 l of 10x PCR buffer (100 mM Tris-HCl [pH 8.3], 500 mM KCl,sensitivity recorded. In either case, the cell was exposed to the
retinal analog for a minimum of 15 min. At the end of the recording, 15 mM MgCl2, 0.1% gelatin), 3 l of 2 mM dNTP, 2.5 U of AmpliTaq
(Perkin Elmer Cetus, Foster City, CA). The PCR was carried out forthe cell was drawn completely inside the electrode, immersed in
liquid nitrogen, and stored at 80C for single-cell RT-PCR. The 30 cycles (94C, 1 min; 55C, 1 min; 72C, 3 min) in a Robocycler
(Stratagene, La Jolla, CA). The second-round PCR was the samelight was calibrated with a photometer (UDT 350, Graseby, Orlando,
FL) through a 100 m pinhole, placed at the level of the recording as the first round, except that 1 l of the first PCR product was used
as the template, and two nested primers were employed (forwardchamber.
Stimulus-response relations were fit (Igor Pro 3.15, Wavemetrics, primers 5-CCTTTGAACGATTCCTGGTGATC-3; reverse primers;
5-GGTGGTGGCGGACTGCTCCTGCTG-3). Each PCR product (5Lake Oswego, OR) with a modified saturating exponential:
l) was probed with a 32P-labeled nested oligonucleotide in Southern
r/rmax  1  exp(ki) (1) blot analysis as described previously (Ma et al., 1998). The PCR
product was purified from argarose gel and its sequence determinedwhere k, normally held constant, was assumed to vary exponentially
by an automated DNA sequence analyzer. PCR of GAPDH was aswith flash strength, i. Thus,
described previously (Ma et al., 1998).
r/rmax  1  exp((k1  k2exp(k3i))i) (2)
Retinals
where k1, k2, and k3 are constants. Since the fit was sensitive to the The 9-cis retinal (Sigma, St. Louis, MO) and the 11-cis retinal (Na-
starting values, i was normalized by the i0.5 value estimated from a tional Eye Institute) were used without further purification. 11-cis
fit with the Hill equation, 3-Dehydroretinal was synthesized from all-trans retinal (Sigma, St.
Louis, MO) by bromination and dehydrobromination (Henbest et al.,r/rmax  in/(in  i0.5n), (3)
1955) followed by photoirradiation in ethanol (2  15 W fluorescent
and k1, k2, and k3 were initialized to 2, 1, and 0, respectively. In lamp, 3 hr, 4C) (Tsukida et al., 1977). The 11-cis isomer was isolated
four cells, the fit yielded a negative value for k3. k3 was then assigned by HPLC using a semipreparative column (RT  33 min, Alltech
a value of zero, and a second fit was carried out to find values for Econosphere Silica 10 m, 250  22 mm; detection wavelength,
k1 and k2. 390 nm; solvent system: 0.1% isopropanol, 1% dioxane, and 98.9%
Collecting area (Ac) was calculated (adapted from Baylor et al., hexane). Purity was confirmed by mass spectrometry (MH  283),
1979, to accommodate for tapered outer segments): NMR (, 15-H 10.09 ppm, d, J  8.2 Hz), and absorbance spectral
analysis (max  392 nm in ethanol).
Ac  (/3)(r12 r1r2 r22)lQisomf 2.303 (4)
Analysis of Recombinant Pigmentwhere r1 and r2 are half the outer segment diameters measured
A 1D4 epitope was attached to each of the opsins so that thebasally and at the distal tip, l is the outer segment length, Qisom is
recombinant pigments, expressed in COS-1 cells and generatedthe quantum efficiency of isomerization (0.67; Dartnall, 1972), f ad-
with either 11-cis retinal or 11-cis, 3-dehydroretinal, could be puri-justs for the polarization of the light (0.5 for unpolarized light), and
fied by 1D4 immunoaffinity by adapting methods designed for bo- is the specific axial pigment density (0.017 m1).
vine opsin (Oprian et al., 1987). In brief, 20 plates (10 cm) of confluent
COS cells were transiently transfected with 40 g of plasmid DNA.Microspectrophotometry
The plasmid contained salamander cDNA in an EcoRI-NotI cassetteTissue was prepared as described above for single-cell recording,
in a pMT3 vector (Franke et al., 1988) using DEAE-dextran as de-except that a suspension of cells was sandwiched between two
scribed previously (Oprian, 1993). Cells were harvested on the thirdcoverslips and sealed with silicone oil or a molten mixture of parafin
day after transfection, resuspended, and incubated at 4C withwax and vaseline. The preparation was then mounted onto one of
10–20 M 11-cis retinal in 10 mM sodium phosphate, 150 mM NaCltwo different microspectrophotometers (MacNichol, 1978; Harosi
(pH 7.0), at a volume of 0.5 ml/plate. An equal volume of 2% dodecyland MacNichol, 1974; Harosi, 1982, 1987). For chromophore re-
maltoside in 10 mM MES (2-[N-Morpholino]ethanesulfonic acid), 150placement, small pieces of retina were placed in 2 ml Ringer’s
mM NaCl (pH 6.0), was added to solubilize the pigment molecules.and exposed to a diffuse, heat-filtered, 25 W incandescent light for
After incubation in the dark at 4C for 2 hr, the samples were spun30 s periods interleaved with three exposures to a photographic
in a clinical centrifuge for 5 min (1380  g) and the supernatantflash (285 HV, Vivitar Corporation, Santa Monica, CA). The regimen
subsequently incubated with anti-rhodopsin 1D4-conjugated seph-was repeated ten times. 11-cis Retinal in ethanol (60 l of 10 mM
arose 4B beads. The bound pigments were washed with 0.1% dode-stock) was added. The tissue was swirled several times and then
cyl maltoside in 10 mM MES (pH 6.0), 150 mM NaCl and eluted withplaced on ice in darkness for a minimum of 6 hr. For some cells, 300
an 18 amino acid peptide corresponding to the carboxyl terminusl bovine serum albumin (5 mg/ml) and 0.5 ml phosphatidylcholine
of bovine rhodopsin.vesicles (see above) were added prior to bleaching. The bathing
The sensitivity of pigments to hydroxylamine in darkness wasmedium was replaced with fresh Ringer’s before the addition of 11-
tested by adjusting the pH of a 90 l pigment sample to 7 by thecis retinal. Single rod and cone cells, identified by their morphology
addition of 5 l 1 M HEPES. After an initial A1 pigment spectrumand by spectral measurements, were harvested, rapidly frozen, and
was taken, 5 l of 1 M hydroxylamine (pH 7.0) was added such thatstored below 70C for RT-PCR.
final concentrations of HEPES and hydroxylamine were both 50 mM.
Spectra were then measured at various time intervals. The timeSingle-Cell RT-PCR
constants for the loss of pigment were determined by plotting theThe single cells were treated with the GeneReleaser reagents (Bio-
absorbance against time and fitting the results with an exponential.Ventures, Inc., Murfreesboro, TN) according to the manufacturer’s
For the red rod pigment, the time constant was extrapolated, sinceinstructions to release their RNA and the lysates then subjected to
85% of the pigment remained after 9 hr. A circulating water bathreverse transcription (RT). The RT reaction mixture (20 l) contained
held the temperature of the sample in the spectrophotometer at 4C.9 l of the lysate, 100 pmol of pd(N)6 random hexamer (Amersham
Pharmacia Biotech, Piscataway, NJ), 4 l of the 5x First Strand
buffer (250 mM Tris-HCl [pH 8.3], 375 mM KCl, 15 mM MgCl2), 2 l Acknowledgments
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